Aims: Pulmonary large cell neuroendocrine carcinoma (LCNEC) is underdiagnosed on biopsy specimens. We evaluated if routine neuroendocrine immunohistochemical (IHC) stains are helpful in the diagnosis of LCNEC on biopsy specimens. Methods and results: Using the Dutch pathology registry (PALGA), surgically resected LCNEC with matching pre-operative biopsy specimens were identified and haematoxylin and IHC slides (CD56, chromogranin-A, synaptophysin) requested. Subsequently, three pathologists assigned (1) the presence or absence of the WHO 2015 criteria and (2) cumulative size of all (biopsy) specimens. For validation, a tissue microarray (TMA) of non-small-cell lung cancer (NSCLC) (n = 77) and LCNEC (n = 19) was used. LCNEC was confirmed on the resection specimens in 32 of 48 re-reviewed cases. In 47% (n = 15 of 32) LCNEC was also confirmed in the paired biopsy specimens. Neuroendocrine morphology was absent in 53% (n = 17 of 32) of paired biopsy specimens, more often when smaller amounts of tissue were available for evaluation [29% < 5 mm (n = 14) versus 67% ≥5 mm (n = 18) P = 0.04]. Combined with current WHO criteria, positive staining for greater than or equal to two of three neuroendocrine IHC markers increased the sensitivity for LCNEC from 47% to 93% on paired biopsy specimens, and further validated using an independent TMA of LCNEC and NSCLC with sensitivity and specificity of 80% and 99%, respectively. Conclusions: LCNEC is difficult to diagnose because neuroendocrine morphology is frequently absent in biopsy specimens. In NSCLC devoid of obvious morphological squamous or adenocarcinoma features, positive staining in greater than or equal to two of three neuroendocrine IHC stains supports the diagnosis of LCNEC.
Is the sum of positive neuroendocrine immunohistochemical stains useful for diagnosis of large cell neuroendocrine carcinoma (LCNEC) on biopsy specimens?
Aims: Pulmonary large cell neuroendocrine carcinoma (LCNEC) is underdiagnosed on biopsy specimens. We evaluated if routine neuroendocrine immunohistochemical (IHC) stains are helpful in the diagnosis of LCNEC on biopsy specimens. Methods and results: Using the Dutch pathology registry (PALGA), surgically resected LCNEC with matching pre-operative biopsy specimens were identified and haematoxylin and IHC slides (CD56, chromogranin-A, synaptophysin) requested. Subsequently, three pathologists assigned (1) the presence or absence of the WHO 2015 criteria and (2) cumulative size of all (biopsy) specimens. For validation, a tissue microarray (TMA) of non-small-cell lung cancer (NSCLC) (n = 77) and LCNEC (n = 19) was used. LCNEC was confirmed on the resection specimens in 32 of 48 re-reviewed cases. In 47% (n = 15 of 32) LCNEC was also confirmed in the paired biopsy specimens. Neuroendocrine morphology was absent in 53% (n = 17 of 32) of paired biopsy specimens, more often when smaller amounts of tissue were available for evaluation [29% < 5 mm (n = 14) versus 67% ≥5 mm (n = 18) P = 0.04]. Combined with current WHO criteria, positive staining for greater than or equal to two of three neuroendocrine IHC markers increased the sensitivity for LCNEC from 47% to 93% on paired biopsy specimens, and further validated using an independent TMA of LCNEC and NSCLC with sensitivity and specificity of 80% and 99%, respectively. Conclusions: LCNEC is difficult to diagnose because neuroendocrine morphology is frequently absent in biopsy specimens. In NSCLC devoid of obvious morphological squamous or adenocarcinoma features, positive staining in greater than or equal to two of three neuroendocrine IHC stains supports the diagnosis of LCNEC.
Introduction
In lung cancer most diagnoses are made on relatively small biopsies and cytology. 1 The histological features pointing to diagnosis adenocarcinoma, squamous-cell carcinoma or LCNEC may be challenging. 2 The distinction between adenocarcinoma and squamous-cell carcinoma in the context of non-small-cell lung carcinoma not otherwise specified (NSCLC-NOS) has been addressed in the World Health Organisation (WHO) classification of lung tumours of 2015 by the introduction of several markers, including mucin, thyroid transcription factor-1 (TTF1) and P63/P40. 3 More recently, the added value of immunohistochemical (IHC) markers in the differential diagnosis of smallcell lung carcinoma (SCLC) has been described. 4 LCNEC is a high-grade neuroendocrine carcinoma originally described in 1991. 5 The diagnostic criteria for LCNEC include observation of abundant mitoses (>10 mitosis/2 mm 2 ), neuroendocrine morphology such as rosettes, trabecular growth pattern or palisading of cells and neuroendocrine differentiation usually identified by IHC markers. Although in recent practice LCNEC has been diagnosed more frequently on biopsy specimens, 6 the diagnostic accuracy and precision for a diagnosis of LCNEC on a biopsy specimen is unknown and not well studied. [7] [8] [9] [10] [11] As described by national guidelines, one of the first-line treatment options for non-squamous NSCLC is cisplatinum-pemetrexed chemotherapy. 12 A patient with metastatic LCNEC disease that is not recognised as such, because neuroendocrine morphology is lacking in a biopsy specimen, may be diagnosed as nonsquamous NSCLC (i.e. P63-negative, TTF1-positive or -negative) and treated with cisplatinum-pemetrexed chemotherapy. Recently, a study evaluating outcome of 128 patients with metastatic LCNEC reported an inferior outcome for cisplatinum-pemetrexed and platinum-etoposide chemotherapy compared to platinumgemcitabine/paclitaxel chemotherapy. 13 Therefore, it is clinically relevant to reliably separate LCNEC from NSCLC on biopsy specimens.
The purpose of this study was to establish if the outcome of the current frequently used neuroendocrine IHC stains on biopsy samples may be helpful in the diagnosis of LCNEC. To this end, two independent cohorts of LCNEC and a cohort of NSCLC were examined for the presence of diagnostic criteria for LCNEC by a panel of pathologists as well as the outcome of three IHC stains (CD56, chromogranin A, synaptophysin).
Material and methods

R E G U L A T I O N S
The study protocol was approved by the medical ethical committee of the Maastricht University Medical Centre (METC azM/UM 14-4-043) and was performed according to the Dutch Federa, Human Tissue and Medical Research: Code of Conduct for Responsible Use (2011) regulations not requiring patient informed consent.
P A T I E N T A N D T U M O U R S E L E C T I O N
In this retrospective population-based study all data were retrieved from the Netherlands Cancer Registry and Netherlands Pathology Registry (PALGA, the nationwide registry of pathology in the Netherlands 14 ), as described previously. In short, by screening digital summaries of pathology reports, 994 patients with LCNEC were identified in the combined data sets of patients diagnosed between 1 January 2003 and 31 December 2012. In a total of 326 (33%) LCNEC patients the primary tumour was surgically removed. By screening the patient pathology history, we identified 110 (34%) patients in whom a histopathological biopsy specimen was obtained from the matching anatomical location where the tumour was surgically removed (i.e. a paired pre-operative biopsy-resection specimen). From 60 of the 110 cases, haematoxylin and eosin (H&E) and IHC stains of both the resection and biopsy specimens were available for panel revision (Figure 1 ). Subsequently, 12 cases were excluded because the original H&E tumour slide(s) were deemed inadequate by reviewing pathologists.
The retrieved IHC stains included the neuroendocrine markers [chromogranin-A, synaptophysin and CD56 (NCAM)], TTF1, P63, Ki-67 and available cytokeratin markers. All IHC markers were stained in routine diagnosis. All cases minimally required an H&E stain and one of three neuroendocrine IHC markers, as described previously. Subsequently, all tumour slides were systematically evaluated by three pathologists (R.v.S., M.d.B. and E.T.) using a multihead microscope. All pathologists were blinded for clinical outcome and for matching biopsy-resection specimens. Total tissue size of the biopsy specimens was estimated by applying the following categories: ≤2, >2 but ≤5, >5 but ≤10 and >10 mm. The total size of the samples was evaluated guided by the field of view of the microscope objective. In overview magnification (92.5) the total size should well exceed the field of view (diameter 8 mm) to be larger than 10 mm; if at 92.5 objective the total size was smaller than the maximum, but covering more than half the field of view, the size was between 5 and 10 mm; smaller samples were evaluated at 910 objective: if the total sample size was smaller than the field of view (diameter 2 mm) then the total size was less than 2 mm, or it was between 2 and 5 mm.
H&E slides of both resection and biopsy specimens were examined for (i) cell type, presence of cytoplasm and tumour to lymphocyte ratio to assess NSCLC of SCLC features according to the WHO 2015 classification, (ii) the presence of neuroendocrine morphology, (iii) estimated mitotic activity in non-crushed fields [≤10, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] or >30 mitoses/10 high-power field (HPF)], (iv) necrosis [none, 'dot-like' (=as occasionally seen in atypical carcinoids) or abundant (= more extensive than 'dot-like')]. If available, the MIB1 (Ki-67) staining was scored into <25% and >25%. 15, 16 In more limited tissue samples (<2 mm 2 ), mitoses were evaluated on all assessable HPFs. 4 Either >10 mitoses/2 mm 2 , abundant tumour necrosis or a Ki-67 staining of more than 25% of tumour cells was sufficient to score for high-grade tumour disease. 15 Chromogranin-A and synaptophysin were scored as (+) on observation of focal small cytoplasmic dots in an occasional tumour cell at 940 microscope. Any membrane staining was sufficient for CD56 (+). For all neuroendocrine markers, observation of staining (94 or 92.5 objective) was scored as strongly positive (+++), and between staining as (++). Additionally, p63/p40/TTF1 and cytokeratin stainings were evaluated when these were available. LCNEC diagnoses were established when both neuroendocrine morphology and neuroendocrine staining of at least a single marker was present, as according to the algorithm as described in the WHO classification (2015).
T I S S U E M I C R O A R R A Y F O R V A L I D A T I O N
A TMA cohort was constructed from adenocarcinoma (n = 33), squamous cell carcinoma (n = 29) NSCLC not otherwise specified (n = 15), carcinoid (n = 18), LCNEC (n = 19) and SCLC (n = 3) surgically resected tumours diagnosed at Maastricht University Medical Centre (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . Three cores, each 2-mm thick, were sampled into a donor block. Staining for chromogranin-A (DAK-A3), synaptophysin (DAK-SYNAP), CD56 (123C3), TTF1 (SPT24), P63 (DAK-P63) and KI67 (DAK-7240) was performed according to routine diagnostic protocols. Expression of IHC markers were evaluated by J.D. and E.T. and scored using H-score; P-63 was scored positive when H-score >200. TMA cores were evaluated for diagnosis by a single pathologist (E.T.), who was blinded for the original diagnosis according to (1) the WHO 2015 criteria and (2) the WHO 2015 with addition of newly proposed LCNEC criteria for limited tissue samples.
S T A T I S T I C S
All analyses were performed using SPSS (version 22 for Windows, Inc., Chicago, IL, USA). To compare categorical data, the v 2 and Fisher's exact test were used. Two-sided P-values of <0.05 were considered significant.
Results
P A I R E D R E S E C T I O N -B I O P S Y S P E C I M E N C O M P A R I S O N
In total, 48 cases of LCNEC were available for panel review. After reviewing all resection specimens, only LCNEC 47% NEC 6% Carcinoid 3%
NSCLC 44%
A Biopsy diagnoses of paired resection specimen with a lcnec diagnosis (N = 32) LCNEC 83% SCLC 11%
Other 6%
B Resection diagnoses of paired biopsy specimen with a lcnec diagnosis (N = 18) Figure 2 . A, Overview of diagnoses established on paired pre-operative biopsy specimens of surgically diagnosed LCNEC by panel-consensus revision (n = 32); samples were taken from identical anatomical regions. B, Overview of diagnoses established on the resection specimens of paired pre-operative biopsy specimens diagnosed as LCNEC (n = 18). Others included here are cases without a unanimous diagnosis by the classifying pathologists. LCNEC, large cell neuroendocrine carcinoma; SCLC, small-cell lung carcinoma; NSCLC, non-small-cell lung cancer; NEC, neuroendocrine carcinoma not otherwise specified.
32 of 48 cases were revised as LCNEC (Figure 1 ). In only 47% (15 of 32) of these revised LCNEC cases was the diagnosis of LCNEC also established on the paired biopsy specimens. Other paired biopsy specimen diagnoses (17 of 32) included NSCLC (44%), carcinoid (3%) and inconclusive diagnosis (6%), respectively ( Figure 2A ). In total, 18 of 48 pre-operative biopsy specimens were revised as LCNEC; paired revised resection diagnosis was LCNEC in 83%; other diagnoses included SCLC (12%) and a non-unanimous revised case (overview Figure 2B ). An overview of all diagnostic criteria identified in the paired biopsy specimens of revised confirmed surgically resected LCNEC is presented in Table 1 and an exemplar case in Figure 3A ,B. Data of non-LCNEC revised resected cases are presented in Supporting information, Table S1 , and mainly included SCLC (n = 9). Paired biopsy specimen diagnoses of these SCLC cases included LCNEC (n = 2), SCLC (n = 1) and NSCLC (n = 5), and one had a differential diagnosis of SCLC versus NSCLC, respectively.
E V A L U A T I O N O F W H O C R I T E R I A O N T H E P A I R E D B I O P S Y S P E C I M E N S
When evaluating the paired biopsy specimens from surgically confirmed LCNEC, the WHO 2015 criteria could only be observed to a variable extent. Overall, 'neuroendocrine morphology' was not observed in 50% of biopsy samples. However, in biopsy samples with a cumulative size of >5 mm tumour tissue this morphology was more frequently observed compared to smaller samples [67% versus 29%, respectively (P = 0.04), Table 2 ]; an exemplar biopsy case is shown in Figure 3C . Comparison of the cumulative biopsy size revealed no significant difference for the presence of mitosis, nucleoli, cytoplasm and necrosis.
E V A L U A T I O N O F N E W D I A G N O S T I C C R I T E R I A F O R L C N E C O N B I O P S Y S P E C I M E N S
We then hypothesised that in LCNEC biopsy specimens lacking neuroendocrine morphology, the neuroendocrine marker staining pattern may be of additional diagnostic value. For 26 of 32 confirmed LCNEC cases, two or more neuroendocrine markers were available (Figure 1 ). When the presence of staining for ≥2 neuroendocrine IHC markers was considered as a surrogate marker for neuroendocrine morphology in the biopsy specimens, then the diagnosis of LCNEC would have increased from 47% (n = 15 of 32) to 81% (n = 26 of 32). When cases were excluded in which fewer than two neuroendocrine markers were available and lacked neuroendocrine morphology (n = 4), the recognition of LCNEC would increase to 93% (n = 26 of 28). An exemplar case can be found in Figure 3C ,D. To validate the hypothesis that ≥2 neuroendocrine IHC markers staining in the diagnostic setting of NSCLC supports the diagnosis of LCNEC, a TMA of an independent tumour cohort was used. Expression of ≥2 neuroendocrine markers in LCNEC was observed in 15 of 19 (79%) and in 18 of 18 (100%) carcinoid and three of three (100%) SCLC tumours, respectively. Staining for ≥2 neuroendocrine markers occurred in only one of 77 (1%) NSCLC cases with strong staining for CD56 and faint staining for synaptophysin. Expression of a single neuroendocrine marker was observed in 11 of 77 (14%) of NSCLC, mostly CD56 (n = 4) or synaptophysin (n = 7). A summary of identified IHC expression patterns can be found in Table 3 , specified in the Supporting information, Table S2 and the Supporting information Data S1. Using the current 2015 WHO criteria, only nine of 19 (47%) LCNEC were identified correctly on the TMA cohort (ET).
Discussion
Our retrospective study shows that in biopsy specimens positivity for ≥2 of three neuroendocrine markers may support the diagnosis of LCNEC in cases devoid of neuroendocrine morphology in undifferentiated or TTF1-positive NSCLC. Adding this IHC criterion to the current WHO classification will increase the sensitivity of the diagnosis of LCNEC on biopsy specimens from 47% to 79-93%, providing an opportunity for better treatment in patients with LCNEC.
As LCNEC is not diagnosed on biopsy specimens, these cases will currently be called adenocarcinoma when TTF1 is positive, or NSCLC not otherwise specified. Our study provided an argument that in smaller biopsies the chance of identifying neuroendocrine morphology is lower than in larger biopsies, explaining the difficulty of diagnosing LCNEC on morphology criteria alone.
In NSCLC neuroendocrine immunohistochemical staining with chromogranin-A, synaptophysin and CD56 was mainly performed on resection specimens. [17] [18] [19] [20] [21] [22] Focal IHC staining for one neuroendocrine Table 1 . UA, unavailable; IHC, immunohistochemistry; NOS, not otherwise specified; NSCLC NED, NSCLC with neuroendocrine IHC differentiation; AdC, adenocarcinoma; SqCC, squamous cell carcinoma; AC, atypical carcinoid; EBB, endobronchial biopsy; TBB, transbronchial biopsy; Syn, synaptophysin; Chr-A, chromogranin-A; Foc, focal; SCLC, small-cell lung carcinoma; LCNEC, large cell neuroendocrine carcinoma; dd, differential diagnosis; NEM; neuroendocrine morphology without staining for neuroendocrine markers. *IHC staining is performed only on the biopsy specimen. **Resection sample of LCNEC based on mitosis, but importantly, no abundant necrosis was observed and tumour had well-differentiated morphology; in Ki-67 strong heterogeneity was observed within the tumour (<25% and >25%).
***Neuroendocrine part is positive for CD56 but negative for P40.
marker is not infrequent, and has no prognostic or therapeutic relevance. According to the current WHO classification, IHC for neuroendocrine differentiation should therefore not be applied for diagnostic purposes when neuroendocrine morphology is absent. 3, 23 The reported range of one of the three neuroendocrine markers in squamous cell carcinomas, and adenocarcinomas are more or less similar (8-31% and 17-33%, respectively, see Table 3) . [17] [18] [19] [20] [21] [22] 24 Interestingly, positivity for two of the three common neuroendocrine markers in NSCLC is present in only 1-3.8%. 18, 24, 25 This suggests that if applied as an additional diagnostic criterion for LCNEC, the specificity of this criterion may be >96%. Positive staining of ≥2 of the three common neuroendocrine markers is reported in ≥80% of LCNEC, 26, 27 which is completely in line with the two cohorts evaluated in our study. These data suggest that the sensitivity of this criterion for the diagnosis of LCNEC will be approximately 80%. The high sensitivity and specificity may, if applied in the diagnostic process of LCNEC, lead to an increase in the diagnostic accuracy of LCNEC on biopsy specimens requiring confirmation in further studies.
For the interpretation of neuroendocrine differentiation, care must be taken not to make a false positive call. This may occur in a tumour-circumvented bronchiole with occasional neuroendocrine cells or by CD56 positivity on intratumoral lymphocytes. Moreover, for judging chromogranin-A, evaluation of tumour cells at a 940 objective is essential to detect occasional dot-like positivity of small cytoplasmic granules, which may not be observed with the 92.5-10 microscope objective. Previous studies that aimed to evaluate the LCNEC WHO 2015 criteria on biopsy specimens have shown high diagnostic specificity. [7] [8] [9] [10] [11] Similarly, we provide evidence that the specificity for LCNEC on a biopsy specimen is acceptable (i.e. 83%). Nonetheless, we observed that several biopsy specimens diagnosed as LCNEC were classified as SCLC in the resection specimens. This is probably explained by tumour heterogeneity and the difficulty in assessing cytological features in biopsy specimens, as addressed previously. 4, 28 This imperfect specificity may affect the results of chemotherapy studies, as was suggested recently. 29 Several recently described markers may aid in the differential diagnosis of LCNEC on biopsy specimens and require further evaluation. The insulinoma-associated protein 1 (INSM1) is a transcription factor of neuroendocrine differentiation proposed as a pan-neuroendocrine marker that outperforms traditionally used markers, with similar specificity as chromogranin A and comparable sensitivity to CD56 and synaptophysin. 30, 31 INSM1 stains 75-91% of LCNEC and focal staining is observed in 0-4% of NSCLC. [30] [31] [32] The value of INSM1 in an algorithm of ≥2 neuroendocrine markers staining for biopsies to recognise LCNEC is unclear. Furthermore, recent studies have addressed the existence of different molecular subtypes of LCNEC. 27, 33, 34 Proposed are the LCNEC-SCLC with TP53/RB1 mutations recognised with IHC by loss of the RB1 protein and the LCNEC-NSCLC subtype with STK11/KEAP/KRAS mutations and the presence of RB1 protein staining. 27, 35 In the differential diagnosis of LCNEC versus SCLC, staining of RB1 IHC is indicative of a non-SCLC-like tumour. 4 Finally, napsin-A is proposed as a marker to differentiate the TTF1-positive molecular LCNEC-NSCLC subtype from adenocarcinoma, as only few show focal staining for napsin-A while all adenocarcinomas show (strong) staining for both markers. 36 Our study was restricted by the limited number of paired biopsy-resection specimens evaluated by the panel of pathologists. Nevertheless, the described diagnostic issues in this study reflect the daily clinical practice closely. Furthermore, this is the first substantial analysis of the established WHO criteria for LCNEC on biopsy specimens using matched resection specimens.
In conclusion, positivity for two of three traditionally used neuroendocrine IHC stains leads to a useful increase in the diagnostic accuracy of LCNEC on biopsy specimens.
